The Bohai Sea is a low-lying semi-enclosed sea area that is linked to the Yellow Sea via the Bohai straits (mixed zone). Its off shore seabed is shallow, which makes it vulnerable to serious marine meteorological disasters associated with the northward passage of Pacifi c tropical cyclones. Analyses on data of remote sensing and buoy of the mixed zone of the Yellow and Bohai seas indicate that all the wind speed, signifi cant wave height, and salinity (SAL) increased, sea surface temperature decreased, and wind energy density changed considerably during the passage of tropical cyclone Matmo on July 25, 2014. It was found that the SAL inversion layer in the mixed zone of the Yellow and Bohai Seas was caused by the tropical cyclone. Furthermore, it was found that the tropical cyclone transported the northern Yellow Sea cold water mass (NYSCWM) into the mixed zone of the Yellow and Bohai Seas. The NYSCWM has direct infl uence on both the aquaculture and the ecological environment of the region. Therefore, further research is needed to establish the mechanism behind the formation of the SAL inversion layer in the mixed zone, and to determine the infl uence of tropical cyclones on the NYSCWM.
INTRODUCTION
The mixed zone of the Yellow Sea and Bohai Sea (Y-B) is the gateway to the Bohai Sea and the Yellow Sea in the area of 120°-124°E in longitude, which is an ideal breeding ground for wildlife, containing more than 210 types of abundant seafood, and over 1.2 million individuals of 320 species of migratory bird visit the area annually. Furthermore, each year, this habitat supports nearly 400 Pacifi c leopard seals. Consequently, China has designated the Y-B a national nature reserve and a provincial seal reserve. Therefore, any signifi cant change in regional marine physical parameters could have considerable infl uence on this important regional ecological environment. The two principal marine hydrological features of the Yellow Sea are the Yellow Sea warm current (YSWC) and the northern Yellow Sea cold water mass (NYSCWM). Their impact on the ecological environment of the Y-B can be signifi cant under certain conditions. The YSWC (Fig.1a) and Yellow Sea (western) fl ow constitute a cyclonic circulation. To some extent, the YSWC exhibits the characteristics of a compensation fl ow. The northwesterly wind fi eld of the winter monsoon causes the coastal current to increase, resulting in strengthening of the YSWC. In summer, the coastal fl ow is weak because of the eff ect of the summer (SE) monsoon, which results in a weaker YSWC. The YSWC is restricted mainly to the upper mixed layer and the lower layer is limited by the NYSCWM (low temperature and high salinity). The stronger the YSWC is in winter, the stronger the NYSCWM is during the following summer . The spatial extent of the NYSCWM in summer 2006 and 2007 is clearly visible if the 8°C temperature contour is considered its boundary (Fig.1b_left ). It has a cold center in the middle of the basin, and its average salinity is 32.2 (Fig.1b_right) . It can be seen that the trough of the NYSCWM has NW-SE alignment within the area 37.0°-38.9°N, 121.3°-124.0°E (Bao et al., 2009; Li et al., 2013a) and that it covers more than half the entire study area (Fig.2a) .
The Bohai Sea and adjacent northern Yellow Sea area are at latitudes suffi ciently far north that they are infrequently aff ected by tropical cyclones (TCs).
Only 88 TCs have approached this area during 1960-2013. Fifteen TC centers crossed into the Bohai Sea, representing 17.0% of the total with average frequency of one TC every 3.6 years. The paths of 19 TCs have traversed the northern Yellow Sea, representing 21.6% of the total with average frequency of one every 2.8 years (Wen et al., 2016) . Because the Bohai Sea is a low-lying semi-enclosed sea area with a shallow off shore seabed, TCs that track north toward the region can cause serious marine-meteorological disasters. Typhoon Matmo made landfall on the coast of Taiwan Island on July 23, 2014 at 00:15 local time (LT), with maximum wind speeds of 42 m/s near its center. The typhoon was downgraded to a TC when it made landfall at Rongcheng in Shandong Province (China) at 17:10 LT on July 25, 2014 and the lowest pressure in the center is 993 hPa. At that time, the maximum wind speeds near its center were 20 m/s (Fig.2b) . Studies of the distributions and evolutions of the physical parameters of TCs are important for understanding the hydrodynamic environment of the Y-B, air-sea interactions, ecological element distribution, and water exchange between the Bohai Sea and the open sea. The remainder of this article is organized as follows. In Section 2, an overview of the methods used to retrieve sea state and wind parameters from remote sensing, buoys, and other measured data is provided, and the method for the retrieval of wind speeds from the RADARSAT-2 scene is introduced. Section 3 presents the results and discussion on the wind fi eld forms based on the subsequent analysis by comparing RADARSAT-2, HY2-2A, ASCAT with Buoy 1 data. The retrieval of remote sensing data is described and the buoy data are analyzed. Section 4 shows the conclusions.
DATA AND METHOD

Data
Remote sensing observations have been used widely in studies of typhoons (Friedman and Li, 2000; Li et al., 2002 Li et al., , 2013b Li, 2015) . This study used sea surface temperature (SST), salinity (SAL), and chlorophyll concentration (CHL) derived from MODIS data; however, to reduce the eff ects of cloud, monthly averaged SST and CHL data from MODISL3/ Terra in 9-km resolution were used (http://oceancolor. gsfc.nasa.gov/cgi/l3). For the wind fi eld retrieval, HY2-2A, Ascat_L2 data and C-band CrossPolarization data collected by Canada's RADARSAT-2, were used. The wind energy density was obtained from HY2-2A data. The Chinese HY-2 satellite was designed for the measurement of dynamic ocean environment parameters using a microwave scatterometer, altimeter and radiometer. It was launched on 16 August 2011 and the frequency of the scatterometer was 13.256 GHz.
The ASCAT is one of the instruments that carried on-board Meteorological Operational (MetOp) polar satellites launched by the European Space Agency (ESR) and operated by the European organization for the exploitation of Meteorological Satellites (EUMETSAT). ASCAT was launched on 19 October 2006 in C band in frequency at 5.255 GHz. The wind products of ASCAT are distributed in two resolutions at 50 km in 25-km grid (Guo et al., 2015) .
In this study, a part of the wind fi eld, wind energy density ( P =0.5 ρV 3 ), signifi cant wave height ( H 1/3 ), SST, SAL, and CHL of the Y-B were analyzed using Buoy 1 (37.54°N, 122.01°E) to the left of TC track and Buoy 2 (38°N, 123.50°E) on the TC track data ( 
Method
The real-time wind fi eld was retrieved from the RADARSAT-2, HY2_2A and ASCAT_L2 data. The C-band Cross-Polarization Ocean Backscatter (C-2PO) model Perrie, 2012, 2014; Zhang et al., 2014a; Mai et al., 2016) relates the normalized radar cross section in cross polarization (VH) to wind speed at 10-m height. The wind direction was retrieved by CMOD5.N, and the initial direction of the wind was obtained from the Buoy1 data. The time hourly average and daily average data from the buoys and some daily average wind speed data from HY2-2A were compared. The average monthly SST and SAL from the MODIS data from 2004 to 2013, and the real-time position measurement data were analyzed statistically using grid interpolation to determine the extent of the eff ect of TCs on the Y-B.
RESULT AND DISCUSSION
Infl uence of T-Cs on the Y-B
The wind velocity retrieved by RADARSAT-2 (2014.07.25 18:18:38) 2A and ASCAT observation data and buoy data measurement are 0.25° and 0.5 h, respectively. We found that the wind speed ( V ) derived from the RADARSAT-2 (VV/VH) real-time data using the C-2PO model (Zhang and Perrie, 2012) was in a good agreement (RMS=1.96 m/s) with the real-time Buoy 1 data (Table 1 ). This shows that the C-2PO model inversion was eff ective under conditions of high wind speeds. The wind direction retrieval by CMOD5.N and the initial direction of the wind from Buoy1 data are shown in Fig.2b . (Table 1) . We found that the wind velocity retrieved by RADARSAT-2 was the closest to the wind speed measured by Buoy 1 and the wind velocity retrieved by HY2-2A was greater than the wind speed measured by Buoy 1. The ASCAT's was smaller than the wind speed measured by Buoy 1. Because of the proximity to the shore, the direction of the wind retrieved by HY2-2A and ASCAT are diff erent from that of the Buoy 1. Figure 3a shows that the highest average value of V recorded was 17.3 m/s at 17:00 LT at Buoy 1 on July 25, 2014 (there were no data recorded by Buoy 2 during 17:00-23:00 LT, and at 10:00 and 12:00 LT on July 25, 2014. Because the Buoy 2 on the path of the TC, the strong wind and waves caused automatically to stop working for 9 h). At Buoy 1, H 1/3 increased gradually to 2.3 m from 00:00 to 19:00 LT and decreased slowly from 20:00 to 23:00 LT and the maximum H 1/3 is up to 2 h behind the maximum wind speed. It is diff erent from the conclusion of Zhuang et al. (2013) that the maximum H 1/3 is up to 3-4 h behind the maximum wind speed during the typhoon. The H 1/3 data of Buoy 2 were greater than Buoy 1 during 00:00-16:00 LT (Fig.3b) and H 1/3 varied with wind speed of Buoy 2 faster than Buoy 1. The SST at Buoy 1 decreased rapidly to 17.82°C from 00:00 to 10:00 LT, and it then maintained with a relatively stable value from 11:00 to 23:00 LT. The SST at Buoy 2 showed a gradual decline from 00:00 to 16:00 LT, but it was consistently greater than at Buoy 1 at similar times (Fig.3c) . We found that the SST measured by Buoy 1 dropped about 4°C and Buoy 2 dropped for only less than 1°C from 00:00 to 9:00 LT. This is because the carrying volume eff ect of TC and water depth location of the Buoy 1 is less than the Buoy 2. This fi nding is consistent with Xu and Su (2007) : when pressure is higher than 980 hPa, the depth of the sea water is between 0 and 100 m and SST maximum change is 3.9°C. The SAL maintained a relatively stable value of 30.00 from 00:00 to 07:00 LT. It then increased rapidly to 30.45 from 08:00 to 10:00 LT before decreasing sharply to 29.95 from 10:00 to 12:00 LT because of rain (Fig.3e, f) . It then increased abruptly to 30.52 from 12:00 to 16:00 LT, and it remained relatively stable to 23:00 LT. Overall, Buoy 1 SAL exhibited an increasing trend, whereas Buoy 2 showed a declining trend from 00:00 to 16:00 LT, but it remained consistently higher than Buoy 1 at similar times (Fig.3d) . The middle North Yellow Sea can be divided into two parts demarcated by 123°E line. The western part features low temperature (<22°C) and low salinity (<30.8), while in the eastern part, high temperature (24-25°C) and high salinity (31.2-31.8) (Bao et al., 2009) . We found that the temperature and salinity measured by Buoys 1 and 2 accords with the features, while the salinity measurement by the buoys was lower than that of Bao et al. (2009) . The rain rate data in Fig.4a is taken from Windsat data. We found that there was a 5-10-mm/h rainfall at 17:07 LT nearby Buoy 1 and Buoy 2. The humidity measured by Buoy 1 kept rising from 8:00 to 11:00 then stayed at 99% from 11:00 to 17:00 (Fig.4b) , and then followed by an overall downward trend from 17:00 to 23:00. We found that the humidity stayed above 90% exclusive of 23:00. In general, the salinity increased with depth in the study area. The above-mentioned analysis can determine that the salinity decrease at Buoy 1 from 10:00 to 12:00 was caused by precipitation on July 25, 2014. From July 17 to August 2, 2014 (Fig.5a, b, d) , the values of V , SAL, and H 1/3 reached their maxima; however, the minimum SST occurred on July 25, 2014 (Fig.5c) , and SAL also reached the minimum with a 3-day lag because of raining (Fig.5d) . As wind suction and carrying volume eff ect caused by upwelling of deep cold water decreased the SST and SAL had a small increase on July 25, 2014 (Liu et al., 2011) . There was a 1-4-mm/h rainfall in average between July 26 to 28 (data from http://www.remss. com/measurements/rain-rate). We found that H 1/3 , SST, and SAL of Buoy 2 were higher than data of Buoy 1. The SST and SAL change accords with the basic law of Bao et al. (2009) as shown in Fig.5c and d. Figure 6 shows that the average SST (CHL) retrieved by MODIS data in the study area in July 2014 was less (more) than at the same time of year during 2004-2013. This was because the air-sea interaction and winds caused mixing of the NYSCWM, which led to both a rapid fall in SST and an increase in nutrient supply. The fl ow of the YSWC into the Bohai Sea during winter of this year was enhanced (Li, 2015) , which meant that the presence of the NYSCWM in the northern Yellow Sea was strengthened in the following summer (Jiang et al., 2007) . Based on the analysis of many years' remote sensing data and validation by measured data. Guo et (2016) determined that the YSWC into the Bohai Sea was strong in the winter of 2013; therefore, the NYSCWM in the summer of 2014 should be also wider and stronger. We found that the average values of V measured by Buoy 1, Buoy 2, and HY2 (average V of HY2 within the study area) on July 25, 2014 were more than twice of that measured on July 24, 2014 (Fig.7a) . However, the resultant wind energy densities of Buoys 1 & 2, and HY2 data on July 25, 2014 were 7-8 times greater than that of July 24, 2014 (Fig.7b) . Based on the comparison of Buoy 1 and remote sensing data, it was apparent that the area had been aff ected signifi cantly by the TC.
Real-time section observations and verifi cation
To understand the impact of TCs on the Y-B, profi le data from four sites (Table 2) along the red line shown in Fig.8a were obtained at six layers from 0 to 50 m. The SAL and SST of the profi les are shown in Fig.8b and 8c, respectively. A SAL inversion layer was found at 38.37°N, 121.51°E, at the depth of nearly 20 m. At this point, the SST changed from 8.8°C to 10.0°C and the SAL changed from 31.35 to 31.45. We found that the highest surface SAL from July 17 to August 2, 2014, was 31.00 at Buoy 2. Figure 9a shows that the dissolved oxygen of the study area was >5 mg/L and the CHL of the surface and subsurface waters was ≥2 μg/L (Fig.9b) . The average value of V at Buoy 2 was no more than 8 m/s from August 3-31, 2014 ( Fig.10) . Therefore, it is suggested that the SAL inversion layer was caused by the NYSCWM.
Buoy data and real-time section observations data analysis
Buoy 2 was located in the northern Yellow Sea and Buoy 1 was near the Bohai Sea strait. The SST and SAL of Buoy 2 were greater than at Buoy 1, but the SST decreased rapidly and SAL declined gradually with a three-day lag when the TC passed though the study area (Fig.5c, d ). It was established that the main reason for this was raining, which agrees with Sheng et al. (2016) . Another reason was air-sea interaction and mixing. Figure 8 reveals a SAL inversion near 38.29°N, 121.17°E (Fig.8a) , where SAL was between 31.35 and 31.45 (Fig.8b) and SST was between 8.6°C and 10°C (Fig.8c) . On the right side of the SAL inversion layer at the bottom, the lowest SST was only about 8° (Fig.8c) and SAL was only 31.5 (Fig.8b) . Stratifi cation in the central Bohai Sea in August hinders vertical convection and thus, the temperature of the surface water is high and that of bottom water is low. We found that the dissolved oxygen content (5.04 mL/L) at the surface was higher than at the bottom (4.75 mL/L) (Cui et al., 1993) . As shown in Fig.9b , the values of dissolved oxygen content at the surface (6 mL/L) and bottom (5 ml/L) in August 2014 were higher than corresponding values reported by Cui et al. (1993) .
The values of CHL of the surface, middle, and bottom waters of the Bohai Sea in the summer of 2000 were 2.10±1.4, 1.65±1.48, and 1.57±1.28 μg/L, respectively, with an average of 1.82±1.39 μg/L and a range of 0.44-7.11 μg/L (Guo, 2005) . The surface CHL of the Bohai strait in the summer of 2001 was measured at 0.643 μg/L (Zhao et al., 2004) . From  Fig.9c , we determined that the CHL was >6 μg/L at depths of 5-25 m and that the surface CHL was higher than 0.643 μg/L (Zhao et al., 2004) . The CHL was between 0 and 1 μg/L at depths below 25 m, and the values of CHL were lowest at the bottom on the east and west sides of the area.
CONCLUSION
The maximum V near the center of the TC was about 20 m/s, which increased the wind energy density within the study area of the Y-B by up to 7 or 8 times, and transported NYSCWM at the depth of 50 m into the Y-B and caused vertical mixing of the seawater. Shallow water SST changes faster than deep water during TC, and the SST change in the TC path does not vary from the left side of TC on the sea. The site profi le data show that the TC caused a rise in SST, and it lowered SAL and dissolved oxygen at the NYSCWM position. This was one of the most important factors behind the observed SST cooling on July 25, 2014 and the higher than the average value (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) of CHL in July derived from the remote sensing data. It also caused an increase in SAL on July 25, 2014, which then quickly decreased to the minimum over the following three days by rainfall. The high V of the TC brought a heavy rainfall. The SAL inversion layer in the Y-B during August 28-30, 2014, as shown in the SST, SAL, CHL, and dissolved oxygen profi les, was considered indicative of the transport of the NYSCWM into the Y-B by the TC. There was about average 5 m/s wind speed and less than 0.1 mm/h rainfall during July 29 to August 30 (data from http://www.remss.com). Because of the regional rapid changes in SST and SAL, losses of 800 million Yuan were incurred by the Zhangzi Island mariculture (http://fi nance.ifeng.com/a/20141031/ 13237407_0.shtml). The strong NYSCWM and TC caused dramatic changes in the Y-B ecological environment and aff ected the regional aquaculture. Our contention is that should the number of TCs aff ecting the study area increase because of global climate warming, then resultant changes in the NYSCWM could have serious impact on the regional Y-B ecological environment. Further research is needed to establish the mechanism behind the formation of the SAL inversion layer, and to determine comprehensively the infl uence of TCs on the NYSCWM.
